Abstract: Optical chirality is central to many industrial photonic technologies including enantiomer identification, ellipsometry-based tomography and spin multiplexing in optical communication. However, a substantial chiral response requires a typical threedimensional (3D) constituent, thereby making the paradigm highly complex. Photonic devices integrated with microelectromechanical systems (MEMS) have shown potential for chiral light control by external stimuli, but the stimuli usually demand a destructive dosage. Here, we report a simple synthetic chiral paradigm that is electrically programmable with self-assembled 3D MEMS cantilevers. This paradigm enables four reconfigurable chiral schemes with dextrorotary, levorotary, racemic and achiral conformations. Optical response of reversible chirality and chiral to achiral switch are electrically encoded following an exclusive OR logical operation with dual-channel bias as low as 10 V. Our device demonstrates a route to electrically actuated synthetic chiral platform and serves as a powerful conformation analysis tool for macromolecules in
3
Chirality is ubiquitous in nature from human hands to chemical and biological macromolecules, and climbing plants. Intense research efforts have been devoted to the study of chirality to explore pharmacological effects and even unravel the origin of life. 1 In pharmaceutical industry, it is essential to differentiate the handedness of enantiomers, as it is strongly associated to their potency and toxicity. 2 Currently, circular dichroism (CD)
is a routine optical approach to measure chirality. 3 However, the CD response of natural enantiomers is extremely weak, typically in the range of milli-degrees and hence requires large volume (sub-millilitre) of analyte and long integration time (~30 min) to precisely resolve the chirality. 4 Several effective solutions have been reported to overcome the detection limit of naturally weak CD response by incorporating with chiral metamaterials. [5] [6] [7] [8] [9] The artificial chiral response as a background amplifies the synthetic CD of the enantiomers to several degrees, leading to a better detection sensitivity of enantiomer handedness. Such an ingenious sensing scheme could be further optimized with improved accuracy by utilizing a real-time reversible background chirality platform that enables a reciprocal handedness detection. The chirality reversal is usually realized by 3D structural reconfiguration of metamaterial constituents via various approaches. 10 Reconfigurable chirality is significant not only for the determination of enantioselective activity in biochemical reactions, but also for exceptional light-manipulation capabilities, including polarization control and detection, [10] [11] [12] negative refractive index, 13 perfect lens, 14 and color-tunable polarizer. 15 Several approaches have been reported for reconfigurable chirality with metamaterials, [16] [17] [18] such as by integrating semiconductors (silicon), 19 phase change materials (Ge2Sb2Te5), 20 graphene 21 , magnesium, 18 DNA scaffold 22 and MEMS actuators. 10, 23 However, the 4 reported active schemes usually demand destructive stimuli, like high optical pump fluence, high temperature, chemical reaction or pneumatic control that makes it inapplicable for bioassay and optical communication systems. Electrostatically actuated bimorph cantilevers in MEMS have exhibited excellent performance in a plethora of interesting applications in reconfigurable photonic devices. [24] [25] [26] [27] [28] [29] [30] [31] [32] However, it is still challenging to achieve structural 3D reconfiguration of chiral constituents with weak electrical stimulus. 10 Since chirality is inherently a 3D phenomenon that requires coupling between the local electric and magnetic dipoles, 33, 34 artificial constituents were usually designed with complex conformations, 19 such as spiral with multiple helices, 10, 23, 33 or near-field coupled multilayer metamaterials. 35, 36 So far, small dosage of external stimuli failed to realize the structural reconfiguration of the 3D constituent for chirality reversal. 10, 19 In this article, we report an electrically programmable chiral paradigm with MEMS cantilevers that enables reversible chirality actuated by weak stimulus in the terahertz regime. Two 3D microhelices with opposite handedness form a supercell that are electrically isolated and electrostatically actuated for the dual-channel independent reconfiguration with bias of 10 V. The intrinsic residual stress in the constituent material layers of bimorph cantilever enables the self-assembly of 3D microhelices. This Here, we utilize an L-shape bimorph cantilever that self-assembles as a 3D microhelix after the release process (see Fig. 1a , also see Methods and supplementary note 1). 25 Such a microhelix possesses intrinsic chirality determined by its handedness, which vanishes when it is electrostatically pulled down onto the substrate forming a planar resonator. A straightforward way to reconfigure the microhelix is by applying a pull-in voltage across the metal (Al) and silicon substrate (10 V, see the supplementary video). The electrostatic force neutralizes the residual stress, and pulls the cantilever back onto the substrate surface as shown in Fig. 1b . In order to obtain reversible chirality, metamaterial supercell comprising of two microhelices with opposite handedness was conceived as shown in Fig.   1c . The two neighboring microhelices were electrically isolated from each other, which allowed for the independent control of D-and L-microhelices through two separate actuation channels (C1 and C2). From the aspect of binary electrical encoding, the state of microhelix without electrical input is defined as "0" (OFF), and 2D planar state is defined for RCP and LCP incident terahertz waves. 13 The difference in the imaginary part of refractive indices generates circular dichroism (CD), while the difference in the real part of refractive indices manifests as optical rotatory dispersion (ORD). 16 The CD and ORD are defined through transmission spectra as at exactly the same frequency that would benefit a plethora of applications such as enhanced reciprocal chiral sensing. Apart from the reversible chirality, the chiral response is completely switched off by inputs of [00] (r-conformation) and [11] (a-conformation) as shown in Fig. 2b . As per the experimental CD spectral output, the MEMS chirality switch shows interesting programmable property that operates on the principle of an XOR gate with binary encoding. Since CD and ORD spectra are related by Kramers-Kronig's equation, ORD spectra also manifest significant enhancement upto 5.1° in the vicinity of mode II as shown in Fig. 2c at D-conformation, exhibiting large optical activity.
We theoretically explore the possibility of utilizing the proposed scheme for enhanced synthetic CD sensing application. The enantiomers and isomers could be precisely resolved by placing the analyte in the vicinity of the enhanced near-field of the metamaterial microhelices. The synthetic chiral output CDs with loaded analyte is estimated as 5, 6 :
by assuming 1 kw  , where CDb is the background CD value of the chiral platform, p is a constant (
 is the intrinsic chirality coefficient of the chiral molecules, and k and w are the wavenumber of light in free space and thickness of the film, respectively. According to Eq. 1, synthetic
CDs is more discernible with giant amplitude that is connected to the background CDb and the imaginary part of chirality coefficient of enantiomer. By probing the frequency shift CD with respective to k0 (wavevector at resonance wavelength). 5, 6 In this context, when the background CDb spectrum is reversed, frequency shift would be inversed for the identical analyte. As schematically indicated in Fig. 2b , L-enantiomer amino acids that reveal siginificant characteristic absorption spectrum in terahertz regime, 38 Regarding the underlying mechanism of intrinsic chirality in terms of electromagnetic interactions, the generalized condition is 0 pm , where p and m are the moments of net electric and magnetic dipoles, respectively. In a 2D metamaterial, electromagnetically induced magnetic dipole is invariably vertical to the substrate surface ( M  ) with electric dipole in-plane ( P ∥ ) at normal incidence, i.e. 0 pm  (see Fig. 2d) . 37 On the other hand, in the case of 3D microhelices or near-field coupled 3D metamaterials, the net magnetic dipole is no longer vertical to the substrate surface, as the electromagnetic interaction extends spatially in the third dimension as schematically shown in Fig. 2d . For a detailed understanding of the scenario with microhelix, we carried out numerical analysis using finite element method (see Methods) and show the surface current distributions of an individual supercell. At a-conformation (Fig. 2e) , each L-shape cantilever together with anchor form a 2D split ring resonator, and surface current oscillating on the 2D resonator at Mode I induces a magnetic dipole that is orthogonal to net in-plane electric dipole. As for r-conformation in Fig. 2f , similar current loop is observed on an individual microhelix at Mode II, but are guided to flow along the 3D conformation so that 0 pm  in the (Fig. 2g) or L-microhelices at Mode II.
In the context of electromagnetic understanding, the interaction of electric and magnetic dipoles determines the chiral response. For the MEMS microhelix, the in-plane projection of magnetic dipole ( M ∥ ) depends on the inherent suspension angle of cantilevers (α, see (Fig. 3b) . The chiral optical response is readily tailored by controlling the pitch of microhelix. As revealed in Figs. 3c and 3d, CD and ORD spectra are modulated with a clear trend in the chiral strength as well as resonance frequency at Mode II. The resonance frequency is also altered due to the modulation of effective capacitance in the microhelices at different deformation profiles.
Although the pitch of microhelix can also be modulated by changing ambient temperature, 39 extra destructive stimulus of heat or cryogen has to be introduced that increases the system complexity and decreases the feasibility and practicality of the device.
Apart from the scalability of optical response for metamaterials, the operating frequency and chirality strength are customizable for on-demand applications with the MEMS technique. . In experiments, the polarization of incident light was aligned parallel to the axis of anchor (defined as y-polarized incidence) in order to exclude the anisotropy of anchors.
The output polarization state is preserved ("0" output without polarization modulation) for 
Methods
Fabrication: A CMOS compatible process was adopted for the fabrication of the MEMS chirality switch. An 8'' silicon (Si) wafer was used as the substrate and 100 nm thick silicon oxide (SiO2) was deposited using low pressure chemical vapor deposition (LPCVD) process. This SiO2 layer acts as the sacrificial layer. After the sacrificial layer deposition, the first photolithography step was executed, and subsequently the SiO2 layer at the anchor region was dry etched using reactive ion etching (RIE). Following this, we deposited a 50 nm aluminum oxide (Al2O3) layer using atomic layer deposition (ALD) process, followed by the sputter deposition of 400 (200, 600, 800, and 1000) nm thick aluminum (Al). Note that at this stage, the bimorph layers (Al/Al2O3) at the anchor part were in physical contact with Si substrate, and the remaining part was on top of SiO2 layer. Then the next photolithography step was carried out to define the resonator pattern along with the metallic interconnects and bondpads. Subsequently, Al and Al2O3 layers were both dry etched, leaving the designed L-shaped bimorph pattern. Finally, vapor hydrofluoric acid (VHF) was used to isotropically etch the SiO2 sacrificial layer away, thereby suspending the cantilevers. The initial state of the released cantilevers was bent up due to the residual stress in the bimorph cantilevers, which is defined as "OFF" state. We note that the final VHF release process is not time-controlled which ensures high yield of devices. The mature fabrication procedure produces high quality and large area devices (see Fig. 1 
and supplementary video).
Measurements: A fiber laser based terahertz time-domain spectroscopy system was used to measure the transmission spectral response of devices and reference in dry nitrogen atmosphere at normal incidence. 
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